In the present work, the fabrication and characterization of non-curling, free-standing TiO2 nanotube membranes and their integration in front-side illuminated dye-sensitized solar cells are reported. Vertically oriented TiO2 nanotube arrays were fabricated by anodic oxidation of a titanium foil. Nanotube membranes were detached from the metallic foil, transferred and bonded on transparent uorine-doped tin oxide/glass substrates employing a TiO2 sol as a binder. Crystalline phase and morphology of the lm were investigated, evidencing the formation of a highly ordered 1D nanotubes carpet, with a pure anatase crystalline structure. TiO2 nanotube-based DSCs were fabricated using reversible microuidic architecture. The cell performances were studied by IV electrical characterization, incident-photon-to-electron conversion eciency, electrochemical impedance spectroscopy and open circuit voltage decay measurements, showing an increase in electron lifetime compared to nanoparticle-based dye--sensitized solar cells.
In the present work, the fabrication and characterization of non-curling, free-standing TiO2 nanotube membranes and their integration in front-side illuminated dye-sensitized solar cells are reported. Vertically oriented TiO2 nanotube arrays were fabricated by anodic oxidation of a titanium foil. Nanotube membranes were detached from the metallic foil, transferred and bonded on transparent uorine-doped tin oxide/glass substrates employing a TiO2 sol as a binder. Crystalline phase and morphology of the lm were investigated, evidencing the formation of a highly ordered 1D nanotubes carpet, with a pure anatase crystalline structure. TiO2 nanotube-based DSCs were fabricated using reversible microuidic architecture. The cell performances were studied by IV electrical characterization, incident-photon-to-electron conversion eciency, electrochemical impedance spectroscopy and open circuit voltage decay measurements, showing an increase in electron lifetime compared to nanoparticle-based dye--sensitized solar cells. With the aim of improving the charge transport and minimizing the recombination mechanisms at the various interfaces [3] , dierent dimensionally conned materials such as nanowires [4] , nanorods [5] , nanotubes [6] and others [7] have been proposed for photoelectrodes fabrication. In particular anodized titanium oxide nanotube (nt) array stands out for a faster and more ecient electron transport with respect to traditional np-based photoanodes [8] . These nts can be simply grown by the electrochemical oxidation of a Ti foil. The huge inconvenience is that the best working conguration of DSCs is based on a front-side illumination (to avoid light reection at the cathode and absorption by the electrolyte) * corresponding author and so transparent electrodes are needed [8] . To overcome this problem TiO 2 nts can be grown on a Ti lm deposited on a TCO substrate but in that case the length of the tubes, that strictly aects DSCs eciency, is limited by the starting Ti lm thickness. A possible alternative is based on the growth of a thick TiO 2 nts array on Ti foil and its detachment and subsequent bonding onto a common transparent conductive oxide electrode [9, 10] . 
Characterizations
Morphological analysis on TiO 2 nts array was carried out using a ZEISS Supra 40 eld emission scanning electron microscope (FESEM).
X-ray diraction technique was used to investigate the crystalline structure of the membranes (Panalytical PW1140-PW3020, Cu K α X-ray source). The cell performances were characterized through IV measurements under AM1.5G illumination (1000 W/m 2 ) using a class A solar simulator (91195A, Newport) and a Keithley 2440 source measure unit. IPCE spectra were acquired in DC mode using a 150 W xenon halogen lamp and a dual grating Czerny Turner monochromator. Electrochemical impedance spectra were collected under the same illumination and in dark condition using an electrochemical workstation (760D, CH Instruments) in the frequency range 10 −1 10 5 Hz, at dierent applied bias voltages; the amplitude of the AC signal was 10 mV. Experimental data of EIS were tted using an equivalent circuit in order to obtain information about transport and recombination of charges [14] . OCVD measurements were performed using the same electrochemical workstation. All the cells were measured using a 0.22 cm 2 black mask.
Results and discussion
The growth mechanism of TiO 2 nts arrays in uoride--based electrolyte can be described as the occurrence of three competitive reactions [15] . The eld-assisted oxidation of Ti and dissolution of Ti ions in the electrolyte are the rst two processes, while the third is the chemical dissolution of Ti and TiO 2 through the etching due to uoride ions. The nal appearance of the TiO 2 nt array, before and after detachment, is shown in Fig. 1a and b.
For an anodization time of 2 h, a 12 µm thick TiO 2 nts membrane was obtained (Fig. 1c) . The walls of the tubes are quite smooth (Fig. 1d) thanks to the polar organic nature of the electrolytic solution [16] . The average external diameter of the tubes was 120 nm. The process ow for the fabrication of a transparent photoanode is described in Fig. 3 : after anodization (a), At the end, annealing treatment was made to sinter the TiO 2 nps of the sol and crystallize the nanotubes array (e). 
